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Abstract: The Wiener index is one of the most classic and widely used indicators in topology. It
reflects the average distance of any node pair in the graph. It not only makes the boundaries of given
graphs clearer but also continuously generates topological indices that are more suitable for new
fields, such as the Gutman index. The Wiener index and Gutman index are two important topological
indices, which are commonly used to describe the characteristics of molecular structure. They are
closely related to the physical and chemical properties of molecular compounds. And they are widely
used to predict the physical and chemical properties and biological activity of molecular compounds.
In this paper, we study the vertex Gutman index and Gutman index and describe the structural
characteristics of all cases of two simple cycles intersecting. We comprehensively analyze the Gutman
index and vertex Gutman index in these cases in detail by means of classification discussion and

analogical reasoning and characterize their maximum and minimum accordingly.
Keywords: vertex Gutman index; Gutman index; maximum,; minimum

MSC: 05C50; 05C12; 15A18

1. Introduction

Let G = (V, E) be an undirected simple graph with vertex set V={vy,v,,--- ,v,} and
edge set E. The degree d(u) is the number of edges connecting to the vertex u in the G. The
distance d(u, v) between vertices u and v in G is the length of the shortest path connecting
u and v.

The Gutman index of the graph G is the sum of the products of the distance of pairs of
unordered vertices and their vertex degrees, i.e.,

Gut(G) = d(u)d(v)d(u,v),
{uv}eV(G)

where Y. d(v)d(u,v) is called the degree distance of the vertex u, denoted as Gut(u, G).

veV(G)
d(u)Gut(u, G) is called the vertex Gutman index of u, denoted as Guf(u). The Gutman

index of the graph G can also be expressed as % Y. Gut(u),ie,
ueV(G)

d(u)d(0)d(u, 0) :% 2( )d(u)Gut(u,G) :% 2( )Gut(u).
uecV(G ueV(G

Gut(G) =
{uv}eV(G)

Path P = (V, E) is a non-null graph whose vertex set and edge set are, respectively,
V ={x0,x1,...,x¢}, E = {xox1, X1%2, . .., Xp_1 Xk }-

Here, all the x; are different from each other. Vertices xy and xj are connected by path P and
called endpoints or ends of the path, and x, ..., x;_1 is called the internal vertex of P. The
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path of length k is designated as P¥. If a path is closed, that is, it has a positive length and
the same beginning as the end, then it is a cycle. A cycle with length 7 is referred to as Cj,.

The topological index of a graph is an invariant derived from the molecular structure
graph of a compound. It is often used to study the structural properties or characteristics
of molecules, allowing for numerical calculation of molecular structure information. The
topological index of the distance between vertices plays a vital role in describing the
molecular graph and establishing the relationship between molecular structure and features.
In [1], Dobrynin and Kochetova introduced a variant of the Wiener index, the degree
distance (later known as the Schultz index) of the graph based on vertex degree and
distance. In [2], Klavzar and Gutman changed the sum of any two degrees in the Schultz
index to the product of degrees, defining the improved Schultz index and later the Gutman
index. In [3], Gutman et al. formally introduced the Gutman index based on graph
invariants of degree and distance, expanding the field of graph parameters related to vertex
degree and distance. Subsequently, it has been studied by numerous experts and scholars.
In [4], Feng et al. studied the Gutman index of unicyclic graphs with given pendant edges.
The (vertex) degree distance and Gutman index of one vertex union of two cycles were
given in [5,6], and new methods for calculating them were explored in [7]. In [8], Das et al.
generalized the well-known Gutman index by introducing the general Gutman index of
a graph. The recent literature has discussed the association and comparison between the
degree distance and Gutman index [9-11], respectively. The extremal generalized Gutman
index of trees was studied in [12]. In [13], Liu et al. focused on minimizing the Gutman
index among unicyclic graphs with a given matching number. In [14,15], the scholars
studied an even cycle and low-stretch trees. And the latest relevant studies are available
in [16,17]. They studied the Sombor index of cycle graphs and the Gutman index of spiro
and polyphenyl hexagonal chains. However, there are few papers that link cycle graphs
with the Gutman index, so this article begins to explore this.

The in-depth study of the path union and double intersection union of two cycles
presented in this article represents a significant deepening and refinement of previous
research areas, delving into a more intricate and sophisticated analysis of topological
structures. This paper aims to further elucidate the inherent connections between the
profound characteristics and properties of molecular structures by exploring the vertex
Gutman index, Gutman index, and their extremum within these complex structures.

Based on an understanding of the C}, ,,, this paper studies the vertex Gutman index

and Gutman index on the C,I;kn and Cy, ,, comparing the maximum and minimum of their
(vertex) Gutman index, which improves the results of the Gutman index of the union of
double circles.

In the following, P¥ and C,;, and C, indicate roads with length k and circles of length

m and n, respectively. The s indicates the number of odd numbers in {m, n}. C%m, C,I::n,

and Cy, , represent the single intersection union, path union, and double intersection union
of C, and C,, respectively (see Figures 1-3 for details). Where 1 <k <m —2,m < n.
Due to the symmetry of the graph structure [18], for convenience, let p < g, s1 =

_1+_1nl+n _1+_1m _1+_1rn+n _1+_1n
CO™ R ST )

Figure 1. Single intersection union of two cycles C}, ,..
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Figure 3. Double intersection union of two cycles Cy .

ﬂ + (fl)r’ﬂﬂ -1,

h= 2 2

I, = (_1) + [ p+q+m} 1 +(2 1) -1,
13:—1+( 1)" ( 1ype ( )’"_1,

I = (_1) + [ 1+ (- p-&-q—l—n}# 1.

2. The Gutman Index of C}, ,
Theorem 1 ([6]). The vertex Gutman index of C}, , is as follows:
(1) Gut(c) =2(m?+n? —s).

m? 4+ n? +4ni—s, 1<i<|%];
(2) Gut(u;) = m2+n2+4n(m—i)—S, [mTH <i<m-—1

m2+n2+4mi—5, 1<i< L%J’
(3) Gut(v;) —{ m? +n®+4m(n —i) —s, {nzil-l <i<n-1.

Theorem 2 ([6]). The extreme value of the vertex Gutman index in C}, ,, is as follows:

_ (
(1)u€\r/n(?3)£n){Gut( = { Gut(c), others.

B ut(ug) = Gut(uy_1) = Gut(vy) = Gut(v,_1),
@ uexr/r%lcnm”{Gut( u}t = {Gut(ul) ut(uy_1),

Theorem 3 ([6]). The Gutman index of C}, ,

Gut(c) = Gut(um) = Gut (v%), m and n are even and m = n;
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%(m + n® + 2m*n + 2mn? — 3m — 3n), m and n are odd;

Gut(Cl ): %(m + n® + 2m*n + 2mn?), m and n are even;
i %(m +n® +2m*n + 2mn? + m? + n? + 2mn —m —2n+1), misodd, n is even;
%( + n® +2m*n + 2mn? + m? + n? 4+ 2mn — 2m —n+1), mis even, n is odd;.

From the above, the vertex Gutman index of C,ln,n had the maximum at the center and
the minimum at some vertices nearest to the center.

3. The Gutman Index of C,I::n
3.1. The First Situation: 1 < k < {mT*lJ

Lemma 1. The Gutman index of the endpoint v of P is
3
Gut(v) = 3 (mz +n%—2k* — s),v € {uo,vo, Uk, Uk -

Proof. Due to the symmetry of the graph, we only consider the vertex of uy. By the
definition of the Gutman index of the vertex

Gut(ug) =d(ug) Y. d(u)d(uo,u)

ueV(Cmn)
1 n—k—1
—s(Zd v+ Y d(v»d(uo,v]-))
i=1 j=1

m—1 n—1 n—1
=3 (2 Y d(uo,ui)+2Y  d(vo,v5) —2 Y, d(vo,vy) + d(uo,um_k)>

i=1 j=1 h=n—k

(1) If m and n are both odd or even, then

[%Wﬁl [%—‘71 k 1+(_l)n
Gut(ug) =34 Y i+4 ) j—2) h+k+——"—"(m+n)
i=1 j=1 h=1 2
3(m*+n* —2k* —s)
— 5 ,

(2) If m is odd, n is even, then

nrl 5-1 202 o2 _q
Gut(ug) =3 4Zz+42]+2 E—22h+k _ 3(m +n2 -1
i=1 j= =1

(3) Similarly, m is even, n is odd,

3(m2 +n2 -2k — 1)

Gut(ug) = 5

O
Lemma 2. The Gutman index of the internal vertex u,, ., ; of P is:
Gut(Upy_gsi) = m*> +n* —2k> +4i(k—i) —s,1<i<k—1.

Proof. By the definition of the Gutman index of the vertex
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_ n—k—1
Gut (U —vi) = <Z um k+tis ])+ 2 d(vh)d(umk+ilvh)>

h=1

_ n—1 n—1
= 2(2 2 d(uo,u]-) +2 2 d(vo,vh) -2 2 d(vn,kJri,Z)l) — Zd(vn,kJri,Uo) +k> .
=0 h=0

I=n—k

(1) If m and n are both odd or even, then

-1 4

. i k—i 1_|_(_1)n
Gut(uy_ji) =214 ), j+4 ), h=2() r+) s +k+f(m+n)
j=0 h=0 r=1 s=1
=m?+n® —2k* +4i(k —i) —s.

(2) If m is odd, n is even, then

]:O h=0

m—l 7_1
Gut (Ui 7) _2(4 Y j+4 2 h+2- 22<Zr+2 > )
=m? 4+ n* - 2k* + di(k—i) — 1.
(3) Similarly, m is even, n is odd,
Gut(Upyy_gri) = m* +n> —2k* +4i(k —i) — 1.
O

Lemma 3. The Gutman index of the vertex u;(1 <i < m —k — 1) in the cycle Cy, is

m? 4 n? = 202+ 4(n — k)i =, 1<
Gut(ui) = ”2+2k2+2n(m—2k)+4i(m—k—i)+sl, "m722k+1
m?+n2 — 22 +4(n—k)(m—k—i)—s, |

Proof. By the definition of the Gutman index of the vertex

m—1 n—k—1
Gut(u;) =2 (2 Y d(ujup)+2 Y d(ui, o) +d(ug,uo) + d(u;, umk)>.
j=0 h=1

Due to the symmetry of the vertex, we only consider 1 <i < {m%sz and {%"H—‘ <i<

e

> |-
Case 1: m and n are both odd or even.
(1) If1 <i< [752], then

(411 ( 1y [2=3=2
Gut(u ( Y ]+ m+22 (i+h)+4 2 (i+k+1)
j=0 =
+1+<2_1>(2i+n)+2i+k>

=m? 4+ n* —2k* + 4(n — k)i — s.

2)If [m=241] < j < |21 then
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(%—‘—1 1 + (_1)77’1 m+n 22k 2i n m;.rZI 2

Gut(u;) =24 j+————m+2 Y (i+h)+2 Y (m—k—i+I])+m—k
_1\m+1

= n? 4+ 2k* + 2n(m — 2k) + 4i(m —k — i) — %

Case 2: m is odd, n is even.
M) If1<i< 221 then

I\J

N

Gut(u _2<4Z]+22 i+h)+ Z (i+k+1) +2(z+2)+2i+k)

= m? 4+ n® —2k*> +4(n — k)i — 1.

@) If M2l < < M7l then

mz;l m+n 22k 2i n m;Z/ 1
Gut(uj) =2(4Y j+2 Y (i+h)+2 Y (m—k—i+l)+m—k
j=0 h=1 1=1
= n? +2k* + 2n(m — 2k) +4i(m — k — i) — 2.

Case 3: Similarly, the conclusion holds when m is an even number and # is an
odd number.
From the symmetry of the graph structure, we obtain Lemma 4 by contrast. []

Lemma 4. The Gutman index of the vertex v;(1 < i < n —k — 1) in the cycle Cy, is

m2+n2—2k2+4(m—k)i—s, 1<i< ”_ZZkJ,
Gut(v;) = § m? 42Kk 4 2m(n — 2k) + 4i(n —k —i) +55, || <i < |21
m? +n? -2k +4(m —k)(n—k —i) —s, |

It is easy to obtain the following two Lemmas from Lemma 2 to Lemma 4.

Lemma 5.

max{Gut(u)|u € {uy,up, ..., Uy . 1}} = Gut(uLmT,kJ) = Gut(u(%w);

max{Gut(u)|u € {uy g1, Um—t+2, - Um—1} } = G”t(”m—tﬂ) = Gut(umf(ﬂ );
max{Gut(v)|u € {v1,v2,...,0y_f-1} } = Gut(anT,kJ) = Gut(v ,%1(1)
Lemma 6.
min{Gut(u)|u € {uy,up, ..., Upy_x_1}} = Gut(uy) = Gut(uy_r_1);

min{Gut(u)[u € {Um—k1, Um—kt2, - Um-1} } = Gut(Uy_g41) = Gut(um-1);
min{Gut(v)|u € {v1,v2,...,0,k_1} } = Gut(v1) = Gut(v,__1).
Theorem 4.

ue;Il(izn>{Guf( )}
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k-1
B o2 a2 —SH(ED)T 41
Gut(ug) Gut(”m—k+L§J) =m"—2k"+ > >0,
B 1 m—k—1 1
Gut(uo)—Gut<uLmT,kJ> =3k2 — (m —3k)* + 35+ ( 2) + — 5.

It is easy to obtain that, when 2k < m < 4k, Gut(ug) — Gut(u | mk | ) > 0; and when

m > 5k, Gut(ug) — Gut(uL%kJ) <0.
(2) Whenm < n,

Gut(anT,kD - Gut(uL%J) =2k(n—m)+sy—s1+

(71)717]( + (71)/(71
2

Gut(anT,kD - G”t(”mkarLgJ) =2(m—k)(n—2k) +sy+s+

2 2 _ 1yl
_n —2|—n — 6k? — 2mn + 2kn + 4km + 35+ ( 2) +

Gut(ug) — Gut (ULLE;{D — 5.

It is easy to obtain that, when 2k < m < 4k, Gut(ug) — Gut (Z)L%J) > 0, where
the equation holds if and only if k is even and meets the conditions m = 4k,n = 6k;
when 5k < m < n < 2(m —k) + /A, Gut(ug) — Gut(UL"%kJ) < 0; when m > 5k and

n>2(m—k)+ /A, Gut(ug) — Gut(vLuJ) > 0.
2
In summary, the conclusion is valid. O

Theorem 5.

min  {Gut(u)} =

wev(cth)

Gut(tty, k1) = Gut(uy_1), k>2;
Gut(v1) = Gut(v,_3), k=1

Proof. By Lemma 1 to 4, it is easy to calculate that

Gut(uy) — Gut(vy) = 4(n —m) > 0, Gut(v1) — Gut (1) = 4(m — 2k+1) > 0,

1
Gut(ug) = Gub(tyy 1) = 5 (m? +n? = 2k2) — 4k +4— 2 >0,

Thus, min {Gut(u)} = Gut(uy_ 1) = Gut(uy_1).
uev(chi)
Specifically, when k=1, min {Guf(u)} = Gut(vy) = Gut(v,—z). O
uev(c,l;’fn)
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Theorem 6. The Gutman index of C,I;Ifn is

%(P—3m —3n + 6k), m, n are odd;
Gut (C,I;kn) ={ H(P—2k), . ) m, n are even;
%(P—m—n—H(;l) m—1+(2_1) n), m + n is odd.

where P = m® + n® + 2mn(m + n) — 2k(m? + n?) + 4k> — dkmn.

Proof. By the definition of the Gutman index of graph

Gut(C,IZn) = % Y. Gut(u)
uev(c};’fn)
m—k—1

N —
—

i=

1 n—k—1 1 k-1
Y. Gut(u;) + 5 Y. Gut(v)) + 5 Y Gut(uy—g41) + Gut(up).
j=1 i=1

(1) If m and n are both odd or even, then

5%
pey _ 1 24 2 o2 AT
Gut(Cm,n) =52 1; [m +n* —2k” +4(n — k)i s}
[47-1 _1\ym+1
41 Yy [n2+2k2+2n(m—2k)+4j(m—k—j)—1+<Zl>}
j= ]+
1 n—ZZkJ
+:-2 ) {m2+n2—2k2+4(m—k)l—s}
2 3
(% -1 _1\n+1
+% Y [m2+2k2+2m(n—2k)+4p(n—k—p)—1—'_(21)}
p=1% 41
1k—1
+72{m2+n2—2k2+4q(k—q)—s}+7<m2+n2—2k2—s)
25
:% {ma‘ +n® 4+ 2mn(m +n) —Zk(m2 +n2) + 4k3 — dkmn — 2k
_1\m+1
—1+(Zl>(3m+3n—8k)].

(2) If m is odd, n is even, then

m—2k—1
2

20y [m2+n2—2k2+4(n—k)i—1}
i=1

Gut(C,I:lIfn) -

2
+% ) [n2+2k2+2n(m—2k)+4j(m—k—j)—2}

2 Xz; {m2+n2—2k2+4(m—k)l—1}

+% Y [m2+2k2+2m(n—2k)+4p(n—k—p)—1]
p=12 41

—1—%2 {m2+n2—2k2+4q(k—q)—1} —|—%(m2+n2—2k2—1)
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:% [m3 +n® 4 2mn(m +n) — Zk(m2 + n2> + 4Kk — dkmn —m — Zn] .
(3) Similarly, if m is even, n is odd,
Gut(Cﬁn) = % [m3 + n® 4 2mn(m +n) — 2k <m2 + nz) + 4k> — 4kmn — 2m — n} .
O

3.2. The Second Situation: [%5| <k <m—2
Lemma 7. The Gutman index of the endpoint v of P is

Gut(v) = g (nz + 2K% 4 2mn — 4kn + 51),0 € {uo, vo, Uk, Vp_k }-

Proof. Due to the symmetry of the graph, we only consider the vertex of uy. By the
definition of the Gutman index of the vertex

Gut(ug) = d(ug) ),  d(u)d(ug,u)
uev(c},’l’fn)

1

m— n—k—1
= 3(2 d(ug,ui) +2 ) d(vo,v)) —i—d(uo,umk)).
i=1 j=1

(1) If m and n are both odd or even, then

’—%-‘71 1 + (_1)m %_Zk n_Z’_Z
Gut(ug) =34 ) i+fm+2 Y. j+2 ). (m—k+h)+(m—k)
i=1 j=1 h=1
_1\ym+1
= ;<n2+2k2+2mn4kn1+(21)>.

(2) If m is odd, n is even, then

m—1 m+n—2k—1 n—m—1
2 2 2
Gut(uo):3<42i+2 Yoj+2 )] (m—k—i—h)—l—(m—k))

i=1 =1 h=1

= %( 2+2k2+2mn74kn72).

(3) Similarly, if m is even, n is odd, Gut(ug) = 3 (n? + 2k? 4+ 2mn — 4kn —1). O

Lemma 8. The Gutman index of the internal vertex u,, i ;,1 <i<k—10f PXis

n2 4 2k + 2mn — 4kn + 4(n — k)i + 51, 1<i< | B,
Gut(tyy_pys) = & m? + n? — 22 + di(k — i) — s, 2ot << | 2R
n? +2k% +2mn —4kn +4(n —k)(k—i) +s;, [%] <i<k-1

Proof. By the definition of the Gutman index of the vertex

Gut(”m—k-‘ri)
m—1 n—k—1

=2(2 Z d(qukarl'/ ”]) +2 Z d(umkarirvh) + d(um7k+i/ uO) + d(umkari/umfk) :
j=0 h=1
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Due to the symmetry of the vertex, we only consider 1 <i < {%%WJ and [ZI‘_T’”H—‘ <

1< |5

Case 1: m and n are both odd or even.
(1)If1<i< [Z57], then

’—%-‘71 1+ (_1)m %Zk_z

Gut(uy i) =2(4 Y, j+———m+2 Y (i+h)
j=0 h=1
%
+2) (i+m—k+1)+2i+m—k
I=1
1 —1)m+1
—n? 4 2K% + 2mn — dkn + 4(n — K)i — %
@) If [Z=H) < f < | 2571 then
[F]-1 14 (—1)™ [1=2=2] | nb2i=2k |
Gut(uy_yi) =214 Y jt g m+2 Y, (i+h)+2 Y (k—i+])+k
j=0 h=1 I=1
= m* 4 n® —2k* + 4i(k — i) — .
Case 2: m is odd, n is even.
)If1<i< 2= then
m771 m+n52k 1 n— Vzn 1
Gut(um_k+i)—2(42j+2 Y (+h)+2 ), z+m—k—|—l)+2i+m—k>
j=0 h=1 I=1

= n® 4 2k> + 2mn — 4kn + 4(n — k)i — 2.

@ Tf Z=tl < < 21 then

j=0 h=1 =1

m—1 n—2i—2 n+21 2k
2 T2
Gut (k4 —2(4 Yoi+2 Y (i+h)+2 Z —i+l)+k)
=m? +n* - 2k* +4i(k —i) — 1.

Case 3: Similarly, the conclusion holds when m is an even number and # is an odd
number. O

Lemma9. The Gutman index of the vertex v;(1 < i < n —k — 1) in the cycle Cy, is:

n% + 2k? + 2mn — dkn + 4ki + sq, 1<
Gut(v;) = m 2 42k +2mn — dkm +4i(n — k — i) + 5o, 1 <z< LMJ,
n? +2k2 4+ 2mn — 4kn + 4k(n —k — i) + 51, | 2= 2" <i<n—k-1.

Proof. By the definition of the Gutman index of the vertex

n—1 m—k—1
Gut(v;) = 2(2 Y. d(vi,u)+2 Y d(v,vp) + d(v;, up) +d(v;, um_k)>.
=0 h=1

Due to the symmetry of the vertex, we only consider 1 <i < | 25" | and [%—‘ <
: m+n—2k—1
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Case 1: m and n are both odd or even.
()If1<i<[%™], then

. m+n—2k—2 n—m—2i
1 2 2
Gut(vi)—Z(ZZj—f—Z Y, 1+2 ) (i+m—k+p))
p=1

j=1 I=1

NP

2

+2(4 2 (i+h)+ 1+(_1>m(2i+m)+2i+m—k)

_1)\(m+1)
42K 4 o — dkn +aki — DT

2
@) If 5™ 41 < i < "2 ] then
‘I m+n—2k—2i—2 m— n+21
( 1)}’1 2 .
Gut(v;) =2 Z 7114—2 Y, (i+Dh+2 Z n—k—i+h)+n—k
— 1=1 h=1
1+ (-1t

= m? + 2k* + 2mn — 4km + 4i(n —k — i) — 5

Case 2: m is odd, n is even.
(MIf1<i< 221 then

. m+n—2k—1 n—m—2i m—1

1 2 2 2

Gut(vi)—Z(ZZj—i—Z Y, 1+2 ) (i+m—k+p)+42(i+h)+2i+m—k>
j=1 I=1 p=1 h=1

= n? + 2k> + 2mn — 4kn + 4ki —
@) If 1=l < < mino 2kl then

7_1 m+n 22k 2i m nJZrZI 1
Gut(v;) =2 4Z]+2 7+2 Y (i+D+2 ), (nm—k—i+h)+n—k

j=1 =1 h=1

= m? 4 2k* + 2mn — 4km + 4i(n —k — i) — 1.

Case 3: Similarly, the conclusion holds when m is an even number and 7 is an odd
number. [

Lemma 10. The Gutman index of the vertex u;(1 <i < m —k — 1) in the cycle Cy, is:
Gut(u;) = n® + 2k* + 2mn — 4kn + 4i(m — k — i) +s1.

The proof method is like Lemma 9.
It is easy to obtain the following two Lemmas from Lemma 8 to Lemma 10.

Lemma 11.

max{Gut(u)|u € {uy,up, ..., Uy 1} } = Gut( LmTJ) Gut( "mz—k"l);

max{Gut(u)|u € {uy ki1, Um_ki2 -+, Um_1}} = Gut (um_gJ) = Gut (um_(ﬂ ),‘

max{Gut(v)|u € {v1,v2,...,0, 1} } = Gut(vt%ﬁ = Gut(v[%q).
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Lemma 12.
min{Gut(u)|u € {uy, ua, ..., upy__1}} = Gut(uy) = Gut(uy_x_1);
min{Gut(u)|u € {Upy_ ki1, Um—k12,--- Um—1} } = Gut(Uy,_y11) = Gut(uy_1);
min{Gut(v)|u € {v1,v2,...,0,_(_1} } = Gut(vy) = Gut(v,_k_1).

Theorem 7.

Gut(vLTk>% <k<m-—2and 4k —m— /A <n<dk—m+VA;
ma§ {Gut(u)} = Gut<m k+|_§> Him <k <m—2and 6k —3m— VAN <n < 6k—3m+ VA,
ueV(Cm ") Gut(ug) = Gut(u,,_y),others.

where A = (m — 4k)(3m — 4k), A" = (m — 2k)(11m — 14k).

Proof. Case 1: When m = n, then Gut(uLmEkJ) = Gut (Z)L%J ),

()" + (-p"

Gut(umik+|~§J>7Gut(u|~m2—kj) =2(k—m)(m—2k)—s—s1+ 5 >0,
k-1
Gut(uo)—Gut( — J) B2 4 412 — o 4 S5 21) 1.2
Thus, max {Gut(u)} = Gut(ug) = Gut(uy_).
ueV(C{,’”,)
Case 2: When m < n, then
T[] <k < [251] <m -2 then
1 n—k 1 m—k—1
Gut(vL%J)—Gut(ume):2k(n—m)+52—sl+( ) +2( ) >0,
Gut(anT,kJ)—Gut(um_ker):Z(m—k)(n—2k)+sz+s+ > >0,
n—k—1
Gut(uo)—Gut( V| kJ) +n(m 4k) + 4km — m +351+( 12) +1 — 5.

The proof method is snmlar to Theroem 4, which is discussed in different cases below.
(a) When %m <kand4k —m— VA <n < 4k —m+ /A, Gut(ug) — Gut(ULnT,kJ) <0;

(b)When%m<kandn<4k—m—\/Zorn>4k—m+\/Z,Gut(u0)—Gut(an;kJ)
2
> 0;

(c) When k < 3m, Gut(ug) — Gut( 2J>>0

) If [”TH—‘ <k <m-—2,then

(_1)n—k + (_1)m—k—1

Gut (v ) = Gut () ngs ) = 2K(n —m) +2 =31+ 5 >0,
k n—k—1
Gut(um—k+L§J) —Gut(ULnT,kD =2(m—k)(2k—n) —s —s; + (1) +(2 1) >0,
k—
G”t(uo)—Guf( m—k+| § J) " +3n(m 2k) + 4k* — +351+(_21) 1+1+S'

Similar to (1), the following cases are discussed below:
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(a)If%m<kand6k—3m—\/N<n<6k—3m+\/N,
Gut(ug) — G”t(”m—lﬁtﬂ) <0
(b)If Hm < kand n < 6k —3m — /A or n > 6k —3m + /A,
Gut(uo)—Gut(anT,kJ) > 0;

©Ifk < Him,
Gut(ug) — Gut(”m—HL%J) > 0.

In summary, this theorem holds. O

Theorem 8. min {Gut(u)} = Gut(uy) = Gut(ty_g_1).
uev(c,l,’fn)

Proof. By Lemma 7 to 10, we have

Gut(v1) — Gut(uy)
Gut(ty k1) — Gut(ug)
Gut(ug) — Gut(uq)

42k —m+1) >0,
4n—m+1) >0,

n 2 S1
n(m—2)+(n—k?—4(m—k) +4+ 3 >0,

ut
ut

Thus, min {Gut(u)} = Gut(uy) = Gut(uy_g_1). O
wev (ct,)

Theorem 9. The Gutman index of the C,ﬁkm is

3(Q—3m—2n+4k), m,nareodd;

L
mmn %(Q —3n), m is odd, n is even;
%(Q—Bm— n+2k), miseven, nisodd.

where Q = 2m3 + 13 + 3mn? + m*n + 4k?(2m + n) — 2k (3m? + 2n?) — 4k3 — dkmn.

Proof. By the definition of the Gutman index of graph

Gut(C,I;:n) = % Y. Gut(u)

ueVv (C%’;)

1 k-1 1 m—k—1 1 n—k—1
=3 ; Gut (it k1) + 5 ]; Gut(u;) + 5 l; Gut(v;) + Gut(up).

1
(1) If m and n are both odd or even, then

—1-+(—l)m}

%Q Y P2+2H+2mn—4h%+ﬂn—kﬁ+ 5

1
2
+% Y [ 4 aitk— ) -1+ (-1)"]

n? + 2k* + 2mn — 4kn +4s(m — k —s) + >

_|_

N =
3
L
AN

—

-1+ (—l)m}
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n—m

2 _ _1\m
+1-22 {n2+2k2+2mn—4kn+4kl+1+(1)]
2 3 2
1 m+1§72k71 1+( 1>m
+§ Z m2+2k2+2mn—4km+4p(n—k—p)+2}
p:nam_i_l

_ _ m
+;<n2+2k2+2mn—4kn+1+2(1))

3mn?  m?n

7 5 +T+2k2(2m+n)—k(3m2+2n2)—2k3—2kmn—m+k
1

() ()

(2) If m is odd, n is even, then

2k—m—1
2

Gut(cf;’fn) :% 2y [nz 2K + 2mn — 4kn + 4(n — k)i — 2}

[ + 12 = 202 + 4j(k - j) — 1]

_ 2k—m+1

1 2 02
+5 ) [n + 2k +2mn74kn+4s(mfkfs)72}

n—m—1
1 2
+5-2 l; [n2+2k2+2mn—4kn+4kz—z}
m+n—2k—1
1 2 2 2
+ 5 ) [m +2k* +2mn — 4dkm 4+ 4p(n —k — p) —1}
p:n—réwrl

+g(n2+2k2+2mn—4kn—2)

:% [Zm3 + 1 + 3mn® + m*n + 4k*(2m + n) — 2k (3m2 + 2n2) — 4k% — dkmn — 311} :

(3) If m is even, n is odd, and it is a similar proof that the conclusion holds.

From the above, by comprehensively summarizing the two situations, it can be con-

cluded that the vertex Gutman index of C,I;k,n is the maximum at the end of the public path
or the farthest point from the end of the public path and the minimum at some vertices

closest to the end of the public path.

. . . k

Comparing the vertex Gutman index, Gutman index, and the extremum of wa under
different parameters can help us gain insight into the influence of this particular structure
on the overall properties of the compound, thus revealing the relationship between the

molecular structure and its properties.

4. The Gutman Index of the C,, ,
4.1. The First Situation: 2 < p < {mT*lJQ <g< VTJJ

Lemma 13. The Gutman index of the intersection ¢ of Cy, and Cy, is:

Gut(c) = 2<m2 + n? —2p% 4 29 + 2pn — 2qn + ll),c € {c1,c2}.
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Proof. Due to the symmetry of the graph, we only consider the vertex of c;. By the
definition of the vertex Gutman index

Gut(cr) =d(c1) ), d(u)d(cr,u)

ueV(Cm,n)

m—1 n—1
= 4(2 Z d(ug, u;) +2 Z d(l)o,U]‘) +2d(C1,C2)> .
i=1

j=Lj#q

Case 1: m and n are both odd or even.
(1) If p + g is even, then

’7%—‘_1 1 _1m p ’752
Gut<61>—4(4 )y i+%(m+n+p—q)+421+ 8 Y (p+k) +6L;q)
i=1 j=1 k=1

[n 22q 2—‘ n
prq
+4(4 Yoo« > +l)+2p)

1=1

:2(1112 +n? —2p* + 29 + 2pn — 2qn — s).
(2) If p + g is odd, similarly,
Gut(cy) = Z(m2 +n? —2p% 4+ 2¢° + 2pn — 2qn — 2).

Case 2: m is odd, n is even.
(1) If p + g is even, then

i=1 1 k=1
14 (2(’“’2”_‘7) 4 2p)

=2(m? + n® — 2p* +2¢* + 2pn — 2qn — 1).

m=1 q-p=2 n—2q-2
2 2
Gut(cy) 4(4214-42]—{—8 Y (p+k) +6(me)+4 Y (7";”74_1)>

(2) If p + q is odd, similarly, Gut(c1) = 2(m? + n* — 2p> + 24> + 2pn — 2qn — 3).
Case 3: Similarly, the conclusion holds when m is an even number and 7 is an odd
number. O

Lemma 14. The Gutman index for the vertices w(1<i<m-—1,i# p)in the cycle Cy, is:

m? +n? —2p +2¢%> —2n(q — p) +8i(p —i) + 1y, 1<i<p-1;

m? 4+ n? —2p? +2¢% —2n(p +q) + 4ni + 1y, p+1<i<|%];
Gut(u;) = { m?> +n? —2p* +2¢> —2n(p+4q) +4n(m+p —i) + 1, {%J <i<m-1;

n* —m? —2p% +2¢> — 2n(p +q) +2m(n — 2p)

+8i(m+p—i)+1y, others.

Proof. Letcy € {ug, v}, 2 € {up,v;}. Defined by the Gutman index of the vertex

n—1
Gut(u;) = 2(2 Z d(u,up) +2 Y d(uj,v5) 4 2d(uj, v) +2d(ul,vq)>
J=Li#q
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Due to the symmetry of the vertex, we only consider 1 <i<p—-1,p+1<i< {%J and
s i< [

Case 1: m and n are both odd or even.

W Ifp+giseven, 1 <i < p—1,then

h=0 j r=1

Gut(ui)—2(4 ) h—l—ﬂ(m—l—n)—l—élf(i—kj)%—ﬁl i (p—i+r)>
=1

{”_2;]_2-‘ 1 -1 m—+1
+2(4 y (p;q+s)+4p+¥(q—p)
=m? 4+ n® —2p® +2¢*> —2n(q — p) + 8i(p — i) —s.

(2 Ifp+giseven, p+1<i< %], then

B0 g4y p 5
Gut(u;) =2| 4 h+f(m+n)+42(i—p+j)+8 Y. (i+7)
h=0 j=1 r=1

[%] _ 1 -1 m+1
+2<4 y (i+%+s)+12i+2q76p+ﬂ%(p+q—2i)
s=1

=m? +n? —2p* + 2% — 2n(p +q) + 4ni —s.

(B)Ifp+giseven, |[F]+1<i< (%2’0] —1, then

rm-1 S22 (RS
Gut(u;) —2(4 h+4 Y (m—i+j)+4 ) (i—p+r))
h=0 j=1 r=1

o e
+2<4 ) (LWJ+s)+5m+n—4p+%(p—q—2m)
s=1

=n? —m? —2p? +2¢° —2n(p +q) +2m(n —2p) + 8i(m +p — i) —s.
(4) Similarly, when p + g is odd, the conclusion holds.

Case 2: m is odd, n is even.
(I)If p+giseven, 1 <i<p—1,then

"'771 p+11272i q—p;Zi—Z n—22q72
Gut(ui):2(42h+4 Y (i+j)+4 Y (p—i+r)+4 ) (”;”7+s)+n+4p)
h=0 j=1 r=1 s=1

=m? 4+ n* —2p* +2¢* —2n(q — p) + 8i(p — i) — 1.

2)Ifp+giseven, p+1<i< ’”T’l,then

h=0 j=1 r=1 s=1 2

Gut(u;) 22(4ih+4£(i—zﬂ+]’)+8 )y (i+r>+4f(i+q”+s)>

+2(n+12i —6p +2q)
=m? 4+ n® —2p* +2¢° —2n(p +q) +4ni — 1
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@) If p+qiseven, "H <i< %,then

h=0 j=1 r=1

+2(4"222" <m+q - +S) +2(m—P))

=n? —m? — 2p* +2¢° — 2n(p +q) + 2m(n — 2p) + 8i(m + p — i) — 3.

mTq q—p r;+21 1 p+q+r; 2i—1
Gut(ui):2(42h+4 Y, (m—i+j)+4 ), (i—p-l—r))

(4) Similarly, when p + g is odd, the conclusion holds.
Case 3: Similarly, the conclusion holds when m is an even number and # is an odd
number. O

From the symmetry of the graph structure, we obtain Lemma 15 by contrast.

Lemma 15. The Gutman index for the vertices v;(1 <i < n —1,i # q) in the cycle C, is:

m? +n? —2p> +2¢% + 2n(p — q)
+4(m+n—p—q)i+h, 1<i<|2);
m? +n? —2p> + 297 +2n(p — q)
A(mtn—p—q)g—i)+1h, (2] <i<q-1;
m? +n? +2p? — 292 + 2m(q — p)

Gut(v;) = +8ilg —i) + 15, [%1 sis {%HJ?
m? +n? —2(q — p)* — dqm +2n(p —q)
+A(m+q - p)i+ 1, g+1<i< M
m?+n? —2(q — p)* —4qm+2n(p —q)
+4(m+q—p)(n+q—i)+1, (] <i<n—1;
m? —n? +2p? — 292 — 2m(p + q) + 2n(m — 2q)
+8i(n+q—i)+1a, others.

It is easy to obtain the following two Lemmas from Lemma 14 to 15.

Lemma 16.

max{Gut(u |u € {ul,...,up,l,upﬂ,...,um,l}} = Gut(uLm;pJ> = Gut(u[mzﬂn‘|>,'

max{Gut(v)|v € {v1,v2,...,09-1,0941,...,0n—1} } = Gut(ertzﬂ]J> = Gut( dE )

Lemma 17.
min{Gut(u)|u € {uy, ..., up_1,up41, ..., Uy} } = Gut(uy) = Gut(up_1);
min{Gut(v)|v € {v1,...,05-1,0941,...,0p—1} } = Gut(vg11) = Gut(v,_1).

Th 10. Gut(u)} = Gut = Gut(uy_1).
eorem uEI\}}ICr,In,,){ ut(u)} ut(uq) ut(1p_1)

Proof. According to Lemma 13 to 15, then Gut (v,41) — Gut(u1) = 4(m+q—3p+2) >0,

Gut(er) — Gut(ur) = m? +2(g = p?) +n(n—2q) +2p(n —4) + h +8 > 0.
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Thus, i Gut = Gut = Gut(u,_1). O
us, min {Gui(u)} = Gut(um) = Gut(u, 1)

Theorem 11. The Gutman index of the Cy, ;, is

%(R—9m—9n—p—3q—(1_(_271)%’)(311—6@), m, n are odd;
L (R —16p — (ﬂ)(um +9n — 18p)), m, n are even;
Gut(Cm/n) - 1 17(71)?""‘7 . .
¢ (R —3m —6n —16p — (——+—)(12m +9n — 42p)), m is odd, n is even;
: (R —9m —6n —16p + (ﬂ)@m +3p + 3q)>, m is even, n is odd.
where R = 3m® + 3n3 + 22p® + 6mn(m + n)+3n%(p — q) + 3¢*(4m + n — 2p) — 3p*(4m
+3n) + 6qn(p — 2m).
Proof. By the definition of the Gutman index of graph
Gut(Cpn) = L Y. Gut
mn) = > ut(u)
ueV(Cun)
1 m—1 n—1
=5 Y. Gut(u)+ ) Gut (vj) + Gut(c1) + Gut(ca) |.
i=Li#p j=Li#q
Case 1: m, n are both odd or even.
(1) If p + g is even, then
p—1
Gut(Cm,n) :% [mz +n? —2p* +2¢*> —2n(q —p) +8i(p — i) — s}

2
2 {m2+n2—2p2+2q2+2n(p—q)+4(m+n—p—q)l—s}

1
t3 ) [m2+n2+2p2—2q2+2m(q—p)+8h(q—h)—s}
.2 Z {m2—|—n2—Z(q—p)2—4qm—|—2n(p—q)+4(m+q—p)k—s}

1
+5 ) [7712—ﬂ2+2p2—2q2—2m(p+q)+2n(m—2q)—|—8r(n+q—r)—s}
r:Ln+gpr+1

+2<m2+n2—2p2+2q2+2pn—an—s)

1
=— {31113 +3n3 + 22p% + 6mn(m + n)+3n*(p — q) + 39> (4m +n — Zp)}

6
1 1 —1)m+1
~2 {3p2(4m +3n) —6qn(p —2m) + 16p + %(qm +qn+3p — 15p)} .
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(2) If p + g is odd, similarly, then

1
Gut(Cppn) = E[R —12m — 9n + 2p].

Case 2: m is odd, n is even.
(1) If p + g is even, then

17 ,
Gut(Cpn) =5 {mz +n? —2p* +2¢% —2n(q —p) +8i(p — i) — 1}
i=1
=
+5°2 Y [m2+n2—2p2+2q2—2n(p+q)+4nj—1}
j=p+1
m+2p—1
1 2
+§ [712_7712—2P2+2q2—2n(p+q)—I—Zm(n—Zp)+85(m+p—s) —3}
S
)
+§.22 [m2+n2—2p2+2q2+2n(p—q)+4(m+n—p—q)l—1]
1I=1
1
+5 ) {m2+n2+2p272q2+2m(q7p)+8h(qfh) 71}
h=1E+1
1 n+gfp
+§-2 Y {mz—i-nz—2(q—p)2—4qm+2n(p—q)+4(m+q—p)k—1}
k=g+1
1 n+g+q 1
+5 ) [m27n2+2p2f2q2—2m(p+q)+2n(m—2q)+8r(n+q—r)—1}
_ntq—p
r=—p—+1

+2(m2 +n* —2p* +2¢% + 2pn — 2qn — 1)
:% [3m3 + 313 4 22p° + 6mn(m 4 n)+3n*(p — q) + 3% (4m +n — ZP)}
- % [3p2(4m +3n) —6qn(p —2m) + 3m + 6n + 16;7} .
(2) If p + g is odd, similarly, then

Gut(Cpun) = =[R — 15m — 15n + 26p)].

O\ =

Case 3: Similarly, the conclusion holds when m is an even number and # is an
odd number. O

Considering that the second and third situation proof methods are similar to the first
situation, in the following proofs, we only consider that 7 and # are both odd numbers.

4.2. The Second Situation: [5] <p<m—2,[5] <qg<n-2
Lemma 18. The Gutman index of the intersection ¢ € {cy,c2} of Cyy and Cy is

2(n? —m? —2p* +2q> + 2mn +4pm — 2pn —2qn + L), m —p < n —g;
2(m* — n? +2p* — 2¢% 4+ 2mn + 4qn — 2pm — 2qm + ly),m — p > n — q.

Gut(c) = {



Axioms 2024, 13, 269 20 of 31

Proof. Due to the symmetry of the graph, we only consider the vertex of c;. By the
definition of the vertex Gutman index

Gut(cr) =d(c1) ), d(u)d(cy,u)

ueV(Cun)
m—1 n—1
—4<2 2 d(uo,ul-)—f—Z Z d(vo,v]-) +2d(61,62)>.
= j=Titg

Let m and n be odd. We discuss different cases.
Casel:m—p<n-—gq.

(1) If p + g is even, then
"Hgiw*z 2172111
Gut(cr) 4(4214—4214—8 Y, (m-p+k+4 ) (”‘Hmi’ z))
k=1 =1

+20m +20n — 20p — 12g
=2 (n2 —m* —2p* + 2q2 + 2mn 4 4pm — 2pn — 2qn — 2)
(2) If p + g is odd, similarly, the conclusion holds.

Case2:m—p>n—gq.
(1) If p 4 g is even, then

k=1 1=1 2

-1 m—p—n+q—2 2p—m—1
"I n—q =z Tz — —
Gut(c1) = ( Y i+4) j+8 )Y, (n—qg+k)+4 ) (W+l>)
i=1 j=1
+12m + 20n — 12p — 20q
:2(m2 —n? +2p* — 2¢% 4+ 2mn + 4qn — 2pm — 2qm — 2).
(2) If p + g is odd, similarly, the conclusion holds. [

Lemma 19. The Gutman index for the vertices u;(1 < i < m —1,i # p) in the cycle Cy, is
(1) When m — p < n — q, then

n? —m? —2p% + 2% + 2m(n + 2p) — 2n(p +q)
ani+ 1y, 1<i< |2

2., .2 5,2 02 _ o p-mt1] o |,
Gut(ug) = | ™ 1 = 2p" +20° = 2n(q —p) +8i(p —i) + 1, 2] << |25

n? —m? —2p% + 2% + 2m(n + 2p) — 2n(p +q)
+an(p —i) +1p, (B <i<p-1;
n% —m? —2p? + 29> + 2m(n — 2p) — 2n(p +q)
+8i(m+p—i)+1y, p+1<i<m-—1.

(2) When m — p > n — q, then
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Gut(u;) =

m? —n? +2p? — 292 + 2n(m +2q) — 2m(p + q)

+4(m+q—p)i+ly, 1<i< [
m? — n% 4 2p% — 2¢% 4+ 2n(m +2q) — 2m(p +q)
+4(m -+ p)(p—i) + 1, (] <i<p-;

m2 +n? —2p2 +2¢% — 2n(q — p) +8i(p — i) + I, [ng”“] <i< {7”“;7*1}
m? —n? —2(p +q)* +2n(m + 29) = 2m(p + q)

+4(p+q)i+la, p+1§i§[WJ;
m? —n?—2(p+q)* +2n(m +2q9) — 2m(p + q)

+a(p+q)(m+p—i)+1y, [t ] < <m—1;
n? —m? —2p? + 2% + 2m(n — 2p) — 2n(p +q)

+8i(m+p—i)+1, others.

Proof. Letc; € {ug,vo}, ca € {up,vy}. Defined by the Gutman index of the vertex

Gut(u;) =d(u;) Y, d(u)d(u;,u)

ueV(Cun)
m—1 n—1
=2 (2 Y d(uj,up)+2 ) d(ui,v5) + 2d(u;,v0) + 24 (u;, vq)>.
h=0 j=Lj#q

Let m and n be odd. We discuss different cases.

Case 1: m — p < n — q. Due to the symmetry of the vertex, we only consider 1 <i <

ol ot i< mdand p+1<i<m-—1
(W) If p+giseven, 1 <i< 21 then

2 7
m-1 % %
Gut(u;) —2<4 h+4 Y (i+)+4 ) (i+m—P+r))
h=1 j=1 r=1

2q—n—1
2 oy
+2(4 ) <i+m+nzpq+s)+6i+3m+n—3p—q)

=n® —m? —2p* +2¢° + 2m(n +2p) — 2n(p +q) + 4ni — 2.

(2) If p 4 g is even, Zpmtl <i< ™1 then
prq 2 2

h=1 j=1 r=1

2q—n—1
z g1
+2(4 y <W+s)+3p+q)

s=1

mT71 n—q+;§—2i—1 n—q—;;+2i—1
Gut(u;) :2(4 Y oh+4 Y (i+)+4 ), (p—i—i—r))

=m? 4 n* —2p* +2¢°> —2n(q — p) + 8i(p — i) — 2.

@) Ifp+giseven, p+1<i<m-—1,then

mTil m+n+§—q—2i n—q—m;p+2i—2
Gut(ui):2(42h+4 Y, (i—-p+j)+4 ) (m—i—l—r))

h=1 j=1 r=1
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s=1

2g—n—1
2 — —
+2<4 y (W+s>3m+n—3p—q)

=n? —m? —2p* 4+ 2¢* + 2m(n —2p) —2n(p +q) +8i(m +p — i) — 2.

(4) Similarly, when p + g is odd, the conclusion holds.

Case 2: m — p > n — q. Due to the symmetry of the vertex, we only consider 1
i< PRl PR < < ML ) < < MR and PP g <
m+p+n—q 1
—H5— -1

()Ifp+giseven, 1 <i< “q%m,then

i+n—q mopntq 2 2ol
G”t(”i)—2<4 h+4 Y (i+n—q+j)+4 ) (i+n—q+s))
h=1 j=1 r=1

n—1
T
+2(4Z(i+s)+6i+m+3n—p—3q)
s=1
=m?* — n? +2p* — 2¢> + 2n(m +2q) —2m(p +q) +4(m +q — p)i — 2.

(2)If p+ g is even, %7"“ <i< %,then

% n+p—g—21’—1 n—p—g+2i—1
Gut(u;) =2|4Y h+4 Y (i+)+4 Y (p—i+r)
h=1 j=1 r=1
2q—n—1
2 —g—1
+2(4 y <"+Pz‘7+s) +3p+q)
s=1

=m? 4 n* —2p* +2¢*> —2n(q — p) + 8i(p — i) — 2.

(3)pr+qiseven,p+lSigw,then

'"+n72;7*4*2 m+ﬂ*;+q72i 2=l
Gut(u;) =2<4 Y h+4 Y (i-ptn—q+j)+4 )] (”H”lz—P—fiH))

h=1 j=1 r=1

n—1
T
+2(42(i—p+s)+4i+m+3n—5p—3q)

=m? —n® —2(p+q)* +2n(m+2q) — 2m(p+q) +4(p +q)i — 2.

@ Ifp+ iseven,w+1§i§w—1,then
prq 2 2

mTA m+n+§7q—2i nqumngrZifZ
Gut(ui):2(42h+4 Y, (i—-p+j)+4 Y (m—i—l—r))

h=1 j=1 r=1

2g—n—1
L (m+n—p—q >
+2(4 <+s +3m+n—3p—

=n? —m? — 2p% + 2% + 2m(n — 2p) — 2n(p +q) + 8i(m +p — i) — 2.
(5) Similarly, when p + g is odd, the conclusion holds. [

From the symmetry of the graph structure, we obtain Lemma 20 by contrast.
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Gut(v;) =

Gut(v;) =

Lemma 20. The Gutman index for the vertices v;(1 <i < n —1,i # q) in the cycle Cy is

(1) Whenm — p < n — q, then

n% —m? +2¢% — 2p? + 2m(n +2p) —2n(p +q)

+4(n+p—q)i+h, 1<i gvﬂ%’”}
n? —m? +2¢> — 2p* + 2m(n +2p) — 2n(p +q)
4t p—q)(g—i) + 1L, [ <i<q-1;

m? 02 =2 4+ 2p2 —2m(p — q) + 8i(q — i) + 1y, [EFLH] <i < | MHE
n? —m? = 2(p +q)* +2m(n+2p) = 2n(p + )

+4(p+q)i + b, gH1<i< [
n2 —m? —2(p+q)* +2m(n +2p) —2n(p +q)

+Ha(p+q)(n+q—i) +1, e <i<n-1;
m? —n* — 2% +2p* 4+ 2n(m — 2q) — 2m(p +q)

+8i(n+q—i)+1a, others.

(2) When m — p > n — q, then

m? —n? — 22 +2p2 + 2n(m +2q) — 2m(p + q)
dmi+ 1y, 1<i< |3t

m? +n? —2¢> +2p* — 2m(p — q) +8i(q — i) + 1, PF;HW Sis VTAJ
m? — n? — 2% +2p* + 2n(m +2q) — 2m(p + q)

+m(q — i) + 1y, (5] <i<q-1
m? —n? — 29 +2p2 + 2n(m — 2q9) — 2m(p +q)
+8i(n+q—i)+1y, g+1<i<n-—1.

It is easy to obtain the following two Lemmas from Lemma 19 to 20.

Lemma 21.

max{ Gut(u)|u € {uy,.. Uy Upi, e U1} ) = Gut(”[%J) = Gut(u[gﬂ;

max{Gut(v)|v € {v1,...,051,0941,. .., Vp_1} } = Gut(vL%J) = Gut(v(ﬂ).

Lemma 22.
(1) When m — p < n — g, then

min{Gut(u)|u € {uy,..., up_1,ups1,..., up_1} } = Gut(upy1) = Gut(uy_1);

min{Gut(v)|v € {v1,...,05-1,0541,-- ., 0n—1} } = Gut(v1) = Gut(vy_1).

(2) Whenm — p > n — q, then

min{Gut(u)|u € {uy,..., up_1,ups1,..., up_1} } = Gut(uy) = Gut(up_1);

min{Gut(v)|v € {v1,...,04-1,0011, ..., 0p—1} } = Gut(vg41) = Gut(v,_1).
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Gut(Cypp) =

Gut(Cm,n) -

Theorem 12.

Gut(upi1) = Gut(upy—1), m—p<n-—g;

min {Gut(u)} = {

u€V (Coin) Gut(vg11) = Gut(vy—q), m—p>n—gq.

Proof. We discuss different cases according to Lemma 18 to 20. we discuss in different cases
W) Ifm—p < n—q, then Gut(v1) — Gut(ups1) =4(n+p—m—q+2p—m+2)>0,

Gut(cy) — Gut(upy1) = (m—p)(2n —m+2p —8) + (n — )+ P +pm+1,+8>0.

Thus, min
u

mn

){Gut(u)}:Gut(upH) = Gut(Up_1)-
() Ifm—p > n—q, then Gut(uy) — Gut(vg41) =4(m+q—n—p+2q—n+2) >0,

Gut(c1) — Gut(vg41) = (n —q)(2m —n+29 —8) + (m — p)* + p> + qn+ 15 +8 > 0.
Thus, mi Gut = Gut = Gut(v,_1).
us uervr}g;m){ ut(u)} = Gut(vg11) = Gut(v,—1)
In summary, the conclusion holds. [

Theorem 13. The Gutman index of the Cy, , is
(1) When m — p < n — q, then

S —10m — 120 + p + 39 + =5

S —16m +16p + =G

1—(=1)P*1 . . )

S +11m — 15n — 26p — ———(30m — 9n — 42p)), m is odd, n is even;

S—19m—3n+13p—3q—ﬂ(?ﬂl—&])), m is even, n is odd.

3n — 6q)), m, n are odd;

6m —9n — 18p)), m, n are even;

Q= Q= A= Q=

(2) Whenm — p > n — q, then

%(S’—10n—12m+q+3p+ﬂ(3m—6p)>, m, n are odd;
(s —16n+16 +ﬂ6n—9m—18 , m, n are even;
6 1 2 q
+
%(S’ +11n — 15m — 26 — %(3071 —9m — 42q)>, m is even, n is odd;
+
%(S’ —19n —3m +13q — 3p — %(&n - 6p)), m is odd, n is even.
where

S =13m> +3n® — 22p° — 3m®(n + 14p) + 3n>(3m — p — q) + 9p*(6m — n)
+ 3¢ (2m + n + 2p) — 6n(qm + pq — 3pm),

S" =13n% + 3m> — 22¢° — 3n?(m + 14q) + 3m>(3n — q — p) + 94*(6n — m)
+3p*(2n 4 m + 2q) — 6m(pn + pq — 3qn).

Proof. By the definition of the Gutman index of graph

Gut(Con) =5 Y Gut(w)

ueV(Cun)
1 m—1 n—1
=5\ X Gut(u)+ Y Gut(vj) +Gut(cr) +Gut(ca) |.
i=Lizp j=1i#q

Let m and n be odd. We discuss different cases.
Casel:m—p<n-—gq.
(1) If p 4 g is even, then
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Gut(Cpn) =2(n? — m? — 2p% + 29 + 2mn + 4pm — 2pn — 2gn — 2
, p q P 4 q
2p

—m—1
2

+%-2 Y [n2—m2—2p2+2q2+2m(n+2p) —2n(p+q)+4ni—2}
i=1

m—1

:
"

[ 4 12— 202 + 2%~ 2n(q — p) + 8j(p ) ~ 2]

1 m—1
=) {nz —m?* —2p? + 2> 4+ 2m(n —2p) — 2n(p +q) +8s(m +p —s) —2}
s=p+1
p+rqg—m—1
2

1
+§-2 ) [n2fm2+2q272p2+2m(n+2p)on(p+q)+4(n+p—q)le}
I=1

+

m+q—p—1
1 2
+= ) [m2+n2—2q2+2p2—2m(p—q)+8h(q—h)—2}

__ ptg—m+1
h= 2

n+q—m+p
1 2
+52 ) [ —m?=2(p+q) +2m(n+2p) = 2n(p+q) +4(p+ k2]
k=q+1
1 n+q45m7p71
+ = ) {mz—n2+2p2—2q2—2m(p+q)—|—2n(m—2q)+8r(n+q—r)—2}
2 r= n+q7m+;7+l
2
_1
6

1
tg {3q2(2m +n+2p) —6n(gm+ pg—3pm) —10m —12n+p +3q}.

[131113 +3n% — 22p® — 3m2(n + 14p) + 3n2(3m — p — q) + 9p*(6m — n)}

(2) If p + q is odd, similarly, then Gut(Cyn) = £[S — 10m — 9n + p — 3q].
Case22m—p>n—gq. O

From the symmetry of the graph structure, the conclusion clearly holds.

4.3. The Third Situation: 1 < p < LWT_lJ/ (3] <qg<n-2

Lemma 23. The Gutman index of the intersection ¢ € {c1,c2} of Cyy and C,, is:

Gut(c) = 2(m? +n? —2p* + 2% + 2pn — 2qn + 1), p<n-—g;
2(m2—n2—|—2p2—2q2—|—2mn—|—4qn—2pm—2qm—|—l4), p>n—q.

Proof. Due to the symmetry of the graph, we only consider the vertex of c;. By the
definition of the vertex Gutman index

m—1 n—1
Gut(c) =d(c1) ), d(u)d(cy,u) = 4(2 Y d(ug,ui)+2 Y d(vo,v)) +2d(c1,c2)>.
u€V (Con) i=1 j=Lj#q
Let m and n be odd. We discuss different cases.
Casel: p<n—gq.
(1) If p + g is even, then
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m—1 npql 2q—n—1
2 —g—
Gut(cy) 4<4Zz+42]+8 Z (p+k)+4 Z <n+pqu+l>)

(1) )

:2<m + n? — 2p? +2q2+2pn—2qn—2).

(2) If p + g is odd, similarly, the conclusion holds.
Case2:p>n—gq.
(1) If p + g is even, then

p+qn1 m—2p—1

7 - 2 _
Gut(cy) = ( Z +4Z]+8 Z (n—q+k)+4 Y (WH))

":

I=1

+4<2<m+n2—p—q> +2(n—q)>
:2(m2—n2+2p2—2q2+2mn+4qn—me—qu—Z).

(2) If p + g is odd, similarly, the conclusion holds.
O

Lemma 24. The Gutman index for the vertices u;(1 < i < m —1,i # p) in the cycle Cy, is
(1) When p < n —q, then

m? 4 n2 —2p2 +2¢% + 2n(p — q)

+8i(p—i)+ 1, 1<i<p-1;

m? 4+ n* —2p? + 24> — 2n(p +q)

+4ni+ 14, p+1<i< L%Jl
Gut(u;) = n? 4+ 12— 2p% + 2% — 2n(p +q)

Han(m+p—i)+1, [%ﬂ <i<m-1;

n? —m? — 2p? + 2% + 2m(n — 2p)

—2n(p+q) +8i(m+p—i)+l, others.

(2) When p > n — q, then

m? —n? +2p% — 2% + 2n(m + 2q) — 2m(p + q)

+4(m+q—p)i+la, 1<i< | B
m? — n? +2p? — 2% + 2n(m + 2q) — 2m(p +q)
+4(m+q-p)(p—i) +1L, (] <i<p-;

Gut(uy) =
m? —n? —2(p +q)° +2n(m +24) —2m(p +q)
+4(p+q)i +1s, p+1<i< LWJ/
m? —n? —2(p+q)* 4 2n(m +2q9) — 2m(p + q)
+4(p+q)(m+p—i)+1a, [t < <1

n% —m? — 2p% +2¢% +2m(n —2p) — 2n(p +q)
+8i(m+p —i)+1y, others.
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Proof. Letcy € {up, v}, 2 € {u,,, vq}. Defined by the Gutman index of the vertex

Gut(u) =d(u;) ), d(u)d(u;,u)

ueV(Cun)

m—1 n—1
=2 (2 d(uj,up) +2 Y, d(u, v;) + 2d(u;, vo) + 2d (uj, Uq)>.
h=0 J=Lj#q
Let m and n be odd. We discuss different cases.
Case 1: p < n — q. Due to the symmetry of the vertex, we only consider 1 <i <p—1,
p+1<i<mlandmfl << il
M Ifp+giseven, 1 <i < p—1,then

% n+pfg—2i—1 n—p—ngZi—l
Gut(u;) =2 (4 Yoh+4 ) (i+)+4 ), (p—i+ r))
=1

h=1 j r=1

2g—n—1
z —g-1
+2<4 y (W+s)+3p+q)

s=1
=m? 4 n® —2p* 4+ 2¢* + 2n(p — q) + 8i(p — i) — 2.

(2)pr+qiseven,p+lging*l,then

o e eyt
Gut(u;) =2 (4 Y oh+4a Y (i—p+j)+4 ) (i+ r))
h=1 j=1 r=1

2g—n—1
2 — — g —
+2<4 y <i+npqu+s> —|—6i—3p+q)

s=1

=m? 4 n® —2p* +2¢° —2n(p +q) + 4ni — 2.

B)If p+qiseven, " <i< %, then

h=1 j=1 r=1

2g—n—1
2 — —
+2<4 y (W+s>3m+n3pq)

s=1

mz;l m+n+§fq72i nfmfp;quZifZ
Gut(u;) :2(4 h+4 )Y (i—-p+j)+4 ) (m—i+r))

=n? —m? — 2p% + 2% 4+ 2m(n — 2p) — 2n(p +q) + 8i(m +p — i) — 2.

(4) Similarly, when p + g is odd, the conclusion holds.

Case 2: p > n — g. Due to the symmetry of the vertex, we only consider 1 < i
p+q£n71, p+q;n+1 <i< n+p;q71’ p+ 1<i< m+p;n+q and m+p;n+q +1 < i
m+ptn—q 1
—H— =1L

(1) If p+ qiseven, 1 <i < EX"1 then
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m—2p+2i—1

i+n—g prg=n=2ic1 : L
4 Y ht8 Y (i+n—q+j)+4 ) (W—i—s)

h=1 j=1 r=1

Gut(u;) =2 (

1
2
+2<4Z i+s)+6i+m+3n—p— 3q)

=m? —n® 4+ 2p* —2¢° + 2n(m+2q) —2m(p +q) +4(m +q— p)i — 2.

@) If p + g is even, LX< < P01 hen

% n+p7{%—2i—1 n—p—?Zi—l
Gut(u;) :2(42h+4 Y (i+)+4 )Y (p—i—i—r))
h=1 j=1 r=1

s=1

2g—n—1
2 — g —
+2(4 y (’”7“2‘71+s)+3p+q)

=m? 4 n® —2p* +2¢* + 2n(p —q) + 8i(p — i) — 2.
(3)pr+qiseven,p+1Sig%,then
m+n72pfq72 m+p—12'1+q72i 21.73171
Gut(u)=2(4 Y. ht4 Y (i—ptn—q+)+4 ) <M+W—P—q+r)
h=1 j=1 —1 2
T1
+2(4Z i—p+s)+4i+m+3n—5p— Sq)
=m? —n? = 2(p+q)* +2n(m+2q) —2m(p+q) +4(p+q)i — 2.

(4)pr+qiseven,w+1§i§Wfl,then

n—m—p—q+2i-2
2

m—1 m+n+p—q—2i
2 - 2
Gut(ui):2(42h+4 Y, (i—-p+j)+4 ) (mi+r))
r=1

h=1 j=1

2q—n—-1
-2 —
+2(4 ): <m+npq >+3m+n—3p—q)

=n? —m? —2p* 4+ 2¢* + 2m(n —2p) —2n(p +q) + 8i(m +p —i) — 2.

(5) Similarly, when p + g is odd, the conclusion holds. [

From the symmetry of the graph structure, we obtain Lemma 25 by contrast

Lemma 25. The Gutman index for the vertices v;(1 < i < n —1,i # q) in the cycle Cy, is
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(1) When p < n — g, then
m? +n? —2p> +2¢% + 2n(p — q)
+4(m+n—p—q)i+1, 1<i< L%J;
m? +n? —2p> +2¢% + 2n(p — q)
+4(m+n—p—q)(q—i)+1, (2] <i<q-1;
m? +n? +2p? — 29> + 2m(q — p)
Gut(oy) = 4 T80~ + 1 (5] << | 2
m? +n2 —2(p — q)> —4qm+2n(p — q)
+4(m —p+q)i+1, q+1§i§{WJ;
m?+n? —2(p — q)* —4qm+2n(p — q)
+4(m—p+q)(n+q—1i)+1, (] <i<n—1;
m? —n? +2p? — 292 + 2n(m — 2q9) — 2m(p + q)
+8i(n+q—i) +1y, others.

(2) When p > n — q, then

m? —n? +2p? — 29 + 2n(m + 29)
—2m(p +q) +4mi + 1, 1<i< |3t
m? — n? 4+ 2p% — 2¢% + 2n(m + 2q)
Gut(oy) = 2P+ ) +dmlg —1) +1y (3l <i<q-1;
m? +n? +2p — 29> + 2m(q — p)
+8i(q 1) +15, 25 <i< |25
m? — n? +2p? — 29 + 2n(m — 29)
—2m(p+q)+8in+qg—i)+1l, qg+1<i<n-—-1

It is easy to obtain the following two Lemmas from Lemma 24 to 25.

Lemma 26.
max{Gut(u)|u € {uy,..., up_1,Ups1,... U1} } = Gut(utm;;ij> = Gut( Wiy )

max{Gut(v)|v € {v1,...,09-1,0g41, .., On_1} } = Gut(vL%J) = Gut(v(ﬂ).
Lemma 27. (1) When p < n — g, then
min{Gut(u)|u € {uy,..., up_1,ups1,..., Up_1} } = Gut(uy) = Gut(up_1);

min{Gut(v)|v € {v1,...,04-1,0941,...,0p—1} } = Gut(v1) = Gut(vy_1).

(2) When p > n — q, then
min{Gut(u)|v € {u1, ..., up_1,upi1, ..., um_1} } = Gut(ups1) = Gut(uy_1);
min{Gut(v)|v € {v1,...,05-1,0941,-- ., 0n—1} } = Gut(vg11) = Gut(v,_1).

Theorem 14.

= < —_ M
min {Gut(n)} — Gut(uq) Gut(up,l), p<n-—g;
UEV (Cn) Gut(vg11) = Gut(vy,—q), p>n—gq.
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Gut(upi1)

Gut(cq)

Gut(Cypp) =

Gut(Cyy

,n) -

Proof. We discuss different cases from Lemma 23 to 25.
(D) If p < n—gq,then Gut(vy) — Gut(uy) =4(m+n—-3p—q+2) >0,

Gut(cy) — Gut(uy) = (n—q)* + > +2p(n — p) +m> —8p +1; +8 > 0.

Thus, Gut =Gut = Gut(uy—1).
usueg&r;m{ ut(u)}=Gut(u) ut(up_1)

(2)If p > n—gq, then

— Gut(vg41) =4(p+3q—2n+2) >0,

— Gut(vgi1) = (m—p)* + (n—m)(2q —n) +2(g = 4)(n — q) + mn + p* + 14 +8 > 0.

Thus, min {Gut(u)}=Gut(v = Gut(v,_ O
min {Gut(u))=Gut(vy11) = Gut(v,-1)

In summary, the conclusion holds.

Since when p < n — g, the case is the same as in Section 3.1, when p > n — g, the case
is the same as for m — p > n — g in Section 3.2. Therefore, the following theorem can be
drawn directly.

Theorem 15. The Gutman index of the Cy, 5, is
(1) When p < n —q, then

%(R 9m—9n —p — 3q - M(C’m - 6q)), m,n are odd;
% (R _ =0T 1) (12m +9n — 18p)), m,n are even;
% (R 3m —6n —16p — w(lZm +9n — 42p)>, m is odd, n is even;
i (R 9m —6n — 16p + w@m +3p+ 3q)), m is even, n is odd.

(2) When p > n — q, then

%(S' —10n —12m+qg+3p+ #(37’}1 6p)> m, n are odd;
%(S’ —16n+ 16q + #(671 —9m — 18q)) m, n are even;
%(S +11n —15m — 269 — %(30;1 —9m — 42q)), m is even, n is odd;
%(S’ —19n —3m+13q — 3p — ﬂ@m — 6p)), m is odd, n is even.

From the above three situations, the vertex Gutman index of Cy, ,; is the maximum at
the intersection or the farthest distance from the intersection, and the minimum at some
vertices closest to the intersection.

By comparing the vertex Gutman index, Gutman index, and the extremum of C;, ,
under different parameters, we can gain insights into how the arrangement and nature
of the bonds affect the overall properties of the molecule and can predict and explain the
behavior of molecules with similar graph structures.

5. Conclusions

Based on the Gutman index of degree and distance, we have made full use of algebraic
theory, classification discussion, and calculation skills of logical reasoning to describe
the intersection of all double-circle graphs, and summarized that the (vertex) Gutman
index of C}n,n, C,I:fn, and Cy, ;; is the maximum at the intersection (endpoint) or the farthest
distance from the intersection (endpoint) and the minimum at some vertices closest to the
intersection (endpoint).

Our future research directions may delve deeper into the vertex Gutman index, Gut-
man index, and their extremal properties related to pairwise intersecting cycles in tricyclic
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or even higher-order cyclic graphs. We expect to draw consistent conclusions from the struc-
ture of such graphs to obtain extremum at the same position. And we make similar consid-
erations for paths. Such graphs share similarities with the resonance structures of benzene
and its derivatives in chemistry. Therefore, studying them can assist us in understanding
and analyzing the distribution and flow of electrons within chemical molecules, ultimately
leading to a deeper understanding of their chemical properties and reaction mechanisms.
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